Abstract: We demonstrate a four-wavelength distributed feedback (DFB) diode laser array integrated with a semiconductor optical amplifier (SOA) for widely tunable terahertz (THz) mode-beating generation. The InP-based monolithically integrated chip consists of DFB laser diodes, an SOA, and a multimode interference (MMI) coupler. Microheaters and electrode plates are integrated on top of each DFB section for continuous and independent wavelength tuning. By heterodyning the output from the DFB lasers on a Uni-Traveling Carrier Photodiode (UTC-PD) integrated antenna, a continuous THz radiation ranging from 0.1 to 2.25 THz was obtained.
Introduction
Terahertz (THz) radiation generation technique is attracting great interest and shows wide range of applications in THz sensing, spectroscopy, imaging [1] , [2] , nondestructive material inspections, THz data communication [3] , [4] , etc. Numerous research progress has been made to obtain THz wave radiation [5] , [6] . Due to the compactness, integration possibility and capability for room temperature operation, optical heterodyning schemes based on dual mode semiconductor lasers [7] - [9] have been recognized as useful devices for continuous wave (CW) THz generation. By taking advantage of well-developed semiconductor photonic device technologies, a variety of photonic components such as distribute Bragg reflector (DBR) lasers [10] , distributed feedback (DFB) laser diodes [11] , semiconductor optical amplifiers (SOAs) [12] , multimode Interference (MMI) couplers, spot-size converters (SSCs) [13] , and even Uni-Traveling Carrier Photodiodes (UTC-PDs) [14] can be monolithically integrated in the same semiconductor substrate. The monolithic Photonic Integration Chip (PIC) approach can considerably reduce the cost, reduce the size of the device, and increase the system reliability, as well as the tuning range of the THz sources. Recently, DBR and DFB laser diodes integrated with SOAs, phase modulators, MMI couplers for THz generation have been reported [14] - [17] . THz signal tunable from 0.48 to 2.36 THz has been realized based on on-chip resistor heating approach [17] , where an integrated structure consisting of a DBR laser and a DFB laser diode in series has been adopted. However some potential issues concerning with the mode power balance, modal gain competition suppression, crosstalk and thermal tuning speed will limit the wide application of this design approach, especially for volume commercial applications. In this paper, we report a monolithically integrated four-wavelength optical heterodyne PIC chip for THz generation, which allows the integration of DFBs, SOAs, and MMI in the same InPbased substrate. As the mode-beating tuning range is limited by the tunability of a single semiconductor DFB laser diode and the wavelength difference between the two longitudinal modes, we integrated four single-mode DFB lasers with operating wavelength in the 1.55-m range in a parallel geometry, with a center-wavelength spacing of 5 nm between two adjacent lasers to extend the tuning ranging of the mode-beating source. The parallel DFB laser array design allows independent wavelength tuning and optical power adjustment for each of the DFB laser sections, and can be expected to improve the performance in mode power balance, mode competition and mode crosstalk. An SOA was integrated in the output path to increase the output power and to obtain power balance between the two optical heterodyning modes. The wavelength tuning was realized by directly injecting current into the active region of the DFB laser section, which is much faster than resistor-based thermal tuning [17] . Such a tuning mechanism is only limited by the thermal time constant of the active region, which is on the order of a few hundred ns. A continuous wave THz emission tunable from 0.1 to 2.25 THz has been obtained by optical heterodyning pairs of DFB laser sections within the PIC chip on a commercial UTC-PD THz antenna.
Device Design and Fabrication
The layout and microscope image of the PIC chip are shown in Fig. 1(a) and (b) , respectively. The design and fabrication of the chip were carried out on the Euro-PIC and PARADIGM InP photonic integration foundry platforms [19] . The active/passive monolithic integration designs were based on standard optical element building blocks (BBs), which allowed the integration of all the BBs such as DFB lasers, MMI couplers, and SOAs on the same Semi-Insulating InP substrate. The chip design consists of four parallel multiple quantum wells (MQWs) ridge waveguide DFB laser sections with quarter-lambda shifted gratings defined by electron beam lithography with 5-nm wavelength spacing near 1550 nm, a 4 Â 2 MMI coupler combining the output from the four DFB laser sections to two separate output ports, with one port integrated with an integrated SOA for power amplification. Measurements can be performed on either of the two output ports. The length of each of the DFB lasers and SOA are all designed to be 300 m. The width of the SOA and DFB ridge-waveguides is 2.5 m. The waveguide width of the 4 : 2 MMI is 2 m. Active/passive integration was achieved by using a butt-joint process. Most electrodes of the BBs are routed to the edge of the chip by metal interconnect lines with a standard spacing of 250 m for probing with a custom designed probe card. Additional resistive heater elements are placed on the individual DFB sections for optional thermal tuning capability. Metal interconnect lines route the electrical signals from the device to bondpad array at the edge of the chip. The overall dimension of the PIC chip is 6 mm Â 2 mm, with both the front and rear facets coated with anti-reflective (AR) films with reflectivity of < 2E-3.
Device Performance and Discussion
The measurement setup of the fabricated chip is shown in Fig. 2 . The fabricated PIC chip was mounted p-side up onto an Indium plated hotplate and temperature stabilized at 20°C with a thermoelectric cooler (TEC). A multi-DC probe card contacting the interconnect bondpad array at the edge of the chip was used to provide DC-bias current to different sections of the device. Light output through the Port2 of the SOA arm was coupled to a lensed fiber. An optical spectrum analyzer (OSA) and an optical second-harmonic generation autocorrelator were used for optical spectral monitoring for time domain characterizations. Fig. 3(a) shows the CW light output power versus injection current (L-I) curves of the four DFB laser channels. During the measurements, the SOA section was biased at 60 mA. The threshold currents of each of the four DFB laser sections were around 8 mA and the maximum fiber-coupled power per channel was about 223 W at an injection current of 80 mA. The output power from a single DFB laser was about 3 mW at 100-mA biasing current. The 4 Â 1 MMI will introduce an extra 6 dB loss, resulting in a theoretical output power of 750 W. The coupling loss from the lensed fiber will be around 3-6 dB, resulting in a low lensed fiber coupled power of $ 200 W. The L-I curves exhibit some kinks which could be attributed to residual intra-chip reflections from active/ passive butt-joints interfaces. Fig. 3(b) shows the relationship between the measured fiber-coupled power and SOA biasing current when the DFB laser section fixed at a bias current of 60 mA. The output power increases with the SOA biasing current and becomes saturated with a bias current over 85 mA. The transparent currents of different DFBs are varied from 3 mA to 5 mA. Taking advantage of the SOA saturation effect, the power difference among individual DFB section channels will be compensated. Fig. 4(a) shows the output optical spectrum of the four DFB laser sections with an injection current of 60 mA, when the SOA section was forward biased at 50 mA. The lasing wavelengths of the four channels were 1545.8 nm, 1550.24 nm, 1555.04 nm, and 1560.2 nm, respectively. The DFB laser array maintained stable single mode lasing with a SMSR over 50 dB over the entire current tuning range. Wavelength tuning was achieved by varying the injection current of the DFB laser sections. Each DFB laser in the array was biased with an injection current varying from 20 to 140 mA to achieve continuously tuning of the Bragg wavelength. Fig. 4(b) shows the wavelength tuning characteristics of the laser array. Each DFB section could be continuously tuned by 5.1 nm by current tuning at a rate of ∼0.036 nm/mA. This in principle can produce a continuous wavelength separation tuning range of 10.1 nm between adjacent DFB modes based on appropriate biasing conditions.
To further investigate the saturation effect of the SOA and its influence on power balancing of individual DFB laser channels, we compared the optical spectra from Port1 (without SOA) and Port2 (with SOA) with the injection currents of DFB3 and DFB4 being 50 mA and 110 mA, respectively, as presented in Fig. 5(a) and (b) . To optimize the mode beating performance, the SOA was biased at its saturation point above 85 mA. The power difference between the two wavelengths was decreased from 6.2 dB (without SOA) to 0.6 dB, due to the gain saturation effect. 6 shows the measured optical spectrum through Port2 when the wavelengths of two of the DFB lasers were adjusted by current tuning, while the SOA was bias at a fixed current of 50 mA. Fig. 6(a) -(c) correspond to the optical spectrum of DFB1&DFB2, DFB1&DFB3, DFB1&DFB4, respectively. During the continuous tuning of the wavelengths the side mode suppression ratio (SMSR) of each DFB was maintained at a value > 50 dB. The peak power difference between the two modes was < 3 dB. The corresponding heterodyne mode-beating frequencies were 0.27 THz, 0.95 THz, 2.25 THz, respectively. By appropriately biasing different DFB sections from the four DFB laser array, continuous tuning range of 0-2.25 THz could be obtained through the current injection tuning approach.
The optical heterodyning effect of the four-channel PIC chip can be confirmed based on the time domain autocorrelation (AC) measurements. Fig. 7 shows that stable and sinusoidal autocorrelation traces which were obtained through continuous tuning the beating signal frequency from 0.1 THz to 2.25 THz by electrical current injection tuning. The sinusoidal periods of the autocorrelation trace were inconsistent with the mode separation obtained from optical spectral measurements.
In the optical heterodyne approach, the linewidth of the two lasing modes directly affects the linewidth or spectral purity of the generated THz signals. In free-running mode, assuming that each laser has a Lorentzian line shape, the resulting heterodyning spectrum will also be Lorentzian and the linewidth at full-width half maximum (FWHM) will be the sum of the linewidth of each laser. The optical linewidths of individual DFB lasers were measured using a standard delayed self-heterodyne method, with an acoustic frequency shift of 70 MHz and a fiber delay of 25 km [21] . The optical linewidth of the DFB laser was between 6.4 MHz to 10 MHz over a broad range of biasing currents levels. Fig. 8 gives a typical optical linewidth measurement result of DFB1. Therefore, the linewidth of the radio-frequency (RF) signal is about a 10∼20 MHz, which is sufficiently narrow to serve as a mode-beating optical signal for stable THz generation [17] .
Diagram of the experimental setup for the THz generation and detection scheme was shown in Fig. 9 . Light output from port 2 of the PIC chip was coupled to a lensed fiber and routed an Fig. 10 shows the waveform of the generated THz radiation at a frequency of 0.2 THz, with a chopper modulated frequency of 21 Hz from a lock-in amplifier. We can confirm that our PIC chip can indeed serve as a coherent dual mode optical heterodyne light source for continuous THz emission from 0.1 to 2.25 THz. The frequency response shown in Fig. 10 is primarily due to the UTD-PD response as confirmed by datasheet. In addition, in our current injection wavelength tuning approach, based on semiconductor laser theory the DFB laser linewidth is expected to narrow with increasing biasing current and DFB optical power, which can result in an enhanced THz conversion efficiency toward higher frequency tuning range of each DFB laser combination. This most likely explains the apparent flattened THz response between 1-2 THz in Fig. 10 , produced by DFB channel 1&4 combination. Further experimental investigations are currently underway for understanding these effects better and systematically improving overall THz generation efficiency.
Conclusion
In conclusion, we report a monolithic four-wavelength DFB laser PIC chip with an integrated SOA for widely tunable CW THz mode-beating signals generation. By optical heterodyning the two modes of our PIC chip on a commercial UTC-PD THz antenna, continuously tunable THz emission operating from 0.1 to 2.25 THz has been demonstrated. The SOA is introduced not only for power amplifying but also for mode balancing, so as to enhance the optical heterodyne efficiency. The electric tuning of the PIC chip offers a much faster tuning speed. The four-wavelength design is expected to deliver more efficient and wider frequency tuning range. The novel design of the monolithically DFB lasers array is expected to be a potential candidate for future compact CW THz applications. The monolithic PIC chip approach fabricated through the MPW InP foundry process offers a potential commercially viable technical solution to the THz light source with small size, reliable operation, and volume production at low cost. 
